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ABSTRACT
Digital halftones as output on plain paper are the focus of this study. A new
terminology is suggested to allow proper description of digital halftones. The most
important of these terms is the use of
"addressability"
to replace the often misused term
"resolution."





addressability. A means ofproperly describing digital halftones is suggested to avoid
confusion with analog (ie., conventional photographic) halftones.
Halftone patterns were created to test the efficiency of different designs at 300 spot
per inch addressability on a laser printer. The page description language PostScript was
used to create the halftone patterns which were modeled on three basic designs.
It has been established that two halftone dot patterns constructed on the same matrix
and containing the same number of spots will produce different densities if the
configuration of the spots within the matrix is different This has been tested by comparing
the results of the tone production curves of the condensed and open halftone dot designs.
These patterns were output on a laser printer and measured for density. Tone production
curves were drawn and compared. Even though each matrix contains the same number of
spots, it has been shown that different densities result. This is solely a consequence of the
dot design.
Microscopic studies were conducted to illustrate the nature of the filling-in in the
non-image area. Microscopic measurements were also made to ascertain the size of an
individual spot at various screen rulings. It was found that the spot, which was very
irregular to begin with, actually began to break up as the linescreen approached 150 lines
per inch.
Paper tests were run to gauge the maximum density and the tone production
capabilities of various papers. Although the results were inconclusive, they point out
another flaw of digital halftones which are output on plain paper. The number of grays
predictable, given amatrix size, is
greater than what is achievable in practice.
These results mean the following for designers of digital halftones. First, purely due
to the nature of digital halftones, the highlight and shadow areas will be most difficult to
control. Secondly, use of a screen angle can limit the filling-in in the tone production
curve. Thirdly, the variability of the spot size on paper, and its irregularities must be
closely observed to assure that these dot forms will be reproducible in the lithographic
process if this is desired. And finally, careful planning in the design of a halftone dot may
allow an improved tone production curve.
CHAPTERONE
INTRODUCTION
The idea of combining text and illustrations without having to cut and paste is a
concept that has intrigued the author since his days as a mechanical artist. However, to be




setter is required that can receive and create both types of output
Devices and techniques have been developed that can now achieve these goals, and what's
more, since they output on plain paper, they may even lead to the elimination of film as a
step in the production process. This study investigates digital halftones and the way these
halftones are output on plain paper. Suggestions are made to optimize the design and use
of digital halftones.
Consistency in terminology is strived for throughout this project Some of the terms
that are used repeatedly are:
addressability
- the frequency with which the lasermarks the photoconductive
surface
dot - the one ormore spots used to form the basic unit of a halftone pattern
halftone - a technique used to simulate continuous tone images in a process that can
only print or not print at all
latent image - an image that is present, but not yet visible (ie., before application of
toner)
linescreen - also known as line ruling; the measure of the distance between halftone
dots in a halftone
lines per inch - the term used to describe the linescreen of a halftone
matrix - a grouping of spots
photoconductivity
- the property of conducting electricity
upon exposure to light
photographic paper
- the light sensitive paper used in phototypesetters
plain paper - paper that has been manufactured for use in laser printers or copy
machines
resolution - the quality of the image on paper, often described in terms of edge acuity
or sharpness
spot - the smallest mark a laser printer can make on paper
spots per inch - the term used to describe addressability
To conduct a discussion of the issues in this thesis, it is of the utmost importance to
maintain consistency in terminology. There are a number ofmisleading terms which,
poorly defined, have resulted in much confusion. One of the most important of these terms
is
"resolution."
Resolution is often incorrectly described in terms of the number ofmarks
that the laser can make in creating an inch of latent image. This latent image, however, is
subsequently toned and transferred to paper, and any degradation of the image that occurs
in this process is unaccounted for. Since this degradation tends to be much larger than in a
photographic process, it makes the use of the term
"resolution"
quite misleading. If a
number value is to be assigned, the term
"addressability"
is more accurate. Addressability
is the capability of the laser tomark a latent image on the photoconductive surface. This
can be described more accurately numerically than resolution since there is no degradation
of the image to account for. Keep in mind that addressability describes the latent image
whereas resolution describes the image on paper. Unfortunately,
"resolution"
is the term
that is most commonly used to describe the imaging capability of a printer, and it is often
described in terms of "dots per inch", another confusing term. Printers are accustomed to
the term "lines per
inch"





do notmean the same thing. In halftones a 300 line per inch linescreen
would be of extreme fineness. 300 dots per inch on the other hand, produces images that
are relatively crude (keep in mind that 72 dots per inch is dot matrix printer quality while
1000 dots per inch is the beginning of typeset quality.) The word
"dot"
also is associated
with halftone screens, as in "halftone
dot."
The potential for confusion is limidess, and
solely a result of faulty terminology.
To understand this problem it is necessary to have a general understanding of the
nature of halftones. They exist to produce an illusion of grayness in a process that can only
print black or not print at all. Halftones can be described as being analog or digital. In
using the term "analog
halftone"
the author means a conventional photographic halftone. It
is analog in the sense that there is a continuous range of halftone dot sizes possible.With
digital halftones, on the other hand, the number of halftone dot sizes possible is limited by
the number of dots per inch. Confused? You have a reason to be confused since the word
"dot"
has two meanings within the last sentence. First it is used as "halftone
dot"
which
may vary in size, and then it is used as
"dot"
in dots per inch where itmeans the minimum
markable spot (a constant) in a laser printing system.
To alleviate some of the confusion between digital and analog halftones, it will be
necessary to revise some commonly-used vocabulary. The term
"addressability"
should be




which are virtually identical in reference to photographic processes are in




should be the term used for describing addressability. The word
"dot"
simply has too many other connotations. "Spots per
inch"
will be the term used to
describe addressability for the rest of this study. "Lines per
inch"
should be used solely for
describing halftones. Analog halftones are adequately described by the term lines per inch;
however, digital halftones require further explanation.
A basic description of a digital halftone will help illustrate the point Figure 1









Figure 1 - 3x3 matrix of squares
Using this to build a digital halftone, black,
white and eight shades of gray can be
produced. White would occur when none of the squares is filled, black when all nine are
filled, and varying shades of gray when
one to eight are filled. Given 300 spots per inch
addressability, 100 of these matrices would fit in a linear inch. What this means is that you
would have a 100 line screen capable of producing nine shades of gray plus white. A
corresponding 100 line analog halftone screen, on the other hand, can produce many more
shades of gray than the example above. In fact it's laughable to try and compare them. Yet
if the digital screen is described as a 100 line screen, the immediate assumption is that it is
equivalent to a 100 line analog halftone. Therefore, to adequately describe a digital
halftone, it is necessary to state not only the line screen but also the addressability of the
output device. So, where 100 lines per inch justly describes an analog halftone, 100 lines
per inch at 300 spots per inch would justly describe a digital halftone.
This brings up another point. One of the characteristics that can make analog
halftones superior to digital halftones is that they are output on photographic paper which,
of course, has great sensitivity to very subtie differences. When photographic paper is
used to capture digital halftones, much more detail can be held than if the same halftone
were output on plain paper. Thus if a digital halftone were output on both plain and
photographic paper, much more detail would be held on the photographic paper. This
seems quite obvious. But it is also true that as laser printers gain higher and higher
addressabilities (in terms of spots per inch), the main limiting factor will be the paper, not
the number of spots per inch.
The use of digital halftones is going to increase, and as a result, the
"look"
of
halftones will change. Digital halftones that are created for output on dotmatrix or laser
printers already start out at a marked disadvantage to analog halftones: they simply fall far
short of photographic resolution. Even digital halftones that are output on laser typesetters
have lower resolution as compared to analog halftones. There is a simple explanation for
this: the smallestmark a laser phototypesetter can create is limited by the size of the laser
spot while, on the other hand, light on photographic film or paper is limited only by the
grain size of silver halide which is much smaller than laser spot size (silver halide crystals
range from 0.05 to 2
microns1
while laser spot size at 300 spots per inch is around 85
microns.2) There is another complication: the
smaller the laser spot size, the larger the
amount of information to be encoded, and, the larger the amount of information, the larger
the cost and time involved. For example, at 300 spots per inch, 90,000 (300x300) bits of
information are needed to encode a square inch of image. At 1000 spots per inch,
1,000,000 (1000x1000) bits are required. Thus there is a tradeoff between cost and
quality, and at this point in time,
conventional photographic (ie., analog) halftone quality is
unattainable with present computer technology. However, there are already numerous
markets for digital halftones, one example being newspapers where lower linescreens are
acceptable. In addition, there are large incentives for using digital halftones. Among these
advantages are ease ofdata transmission, electronic storage of images, and electronic data
manipulation.
It should be stressed that all of the experimentation in this study was done on a
single Apple LaserWriter. The limited scope of the experiments will give some insight into
the strengths and weaknesses of laser printing; however, these tests are not intended to be
used to draw conclusions about the capabilities of any manufacturer's product. There is
simply not enough data to support those sorts of claims. This is also true of the tests on the
X-Rite densitometer and the Hammermill and Boise Cascade papers. These tests have been
conducted for the purpose of this project (in other words, to test the hypothesis.) To truly
test these products would require much more extensive research.
FOOTNOTES FOR CHAPTER ONE
JMcGrawHill Encyclopedia of Science and Technology. 6th ed. S. v.
"Photography,"
by
Vivian K. Walworth and Robert D. Anwyl, p.405.
2Author's calculation:
1/300"
= x 25400 microns/inch = 84.67 microns
CHAPTER TWO
THEORETICALBASIS
In 1937 Chester Carlson invented the first electrostatic process (later called
xerography.)1
This was the birth of part of the technology for the laser printer. Patents
were issued in 1942 and 1944, and by 1950 Xerox had the first commercial copier on the
market. The Xerox 914 office copier was introduced in 1960, and since then, electrostatic
copiers have become an integral part ofAmerican business life. In the late 1950's, Dr.
Charles Townes andDr. Arthur Schawlow laid the foundations for the construction for the
first
laser.2
The first working laser was constructed by Dr. TherodoreMaiman in
I960.3
The laser has broadened the application of the copier. The device can now be used as an
imagesetter/typesetter. A prime example of this is the Apple LaserWriter. The LaserWriter
is more than a laser printer; it is a computing device with 1.5 megabytes of random access
memory. It has been described as the most powerful computer that Apple
makes.4
And
yet even with that amount ofmemory the LaserWriter is limited to an addressability of 300
spots per inch. This makes it an excellent choice for business applications, but substandard
for the graphic arts (where 1000 spots per inch is arguably the standard.) Larger
addressability requires more memory, but this has not prevented the recent introduction of
400 and 600 spot per inch printers. Of course, laser phototypesetters have been used with
great success at addressabilities ofmuch higher than 300 spots per inch but, for the most
part, these systems use photographic
paper.5 Companies are anxious to perfect a plain
paper system due to the high expense of photographic paper.
One of the most interesting developments has been that of the page description
language PostScript. Previously, each typesetting manufacturer had its own coding
language for theirmachinery. A computer file for one manufacturer's typesetter would be
useless on another's. However, through the use of PostScript, a single computer file can
be run on a number of different output devices at the resolution of that output device. This
is what is known as device independence. PostScript, though not the only page
description
language, has become the
standard.6
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Since the laser printer and page description language are of importance to this
project, they will be discussed in the following sections.
The Laser Printer
To understand what the laser printer does to produce an image, it is necessary to
have an understanding of the electrostatic process. In this discussion, the electrostatic
process (ormore specifically, transfer xerography) will be described as a toner-based
system. The electrostatic process, as used in conventional photocopiers, is relatively
simple. A drum or belt, often constructed of selenium, is charged. This surface is a
photoconductorwhich loses its charge when exposed to light. When oppositely charged
toner particles are brought in contact with the surface of the drum, they adhere to the
charged areas (ie., the areas that have not been struck by light.) In the next step, a piece of
paper is brought in contact with the drum at the same time that a charge is applied to the
back side of the paper, removing the toner from the drum and passing it to the paper. The
toner is then fused to the paper, completing the
process.7
Consider for amoment a conventional copier. To obtain a copy, light is reflected off
the image that is being reproduced. Where light from the non-image area reflects onto the
surface of the drum, the charge will be lost, and therefore no toner will be attracted. The
reverse is true in the image area; no light reflects from the black of the image and therefore
the drum stays charged and attracts toner. In a laser printer, where you are not working
from reflection copy, the laser can be used either to erase the non-image area in the way
that light does in the conventional copier, or it can be used to create an image area. If the
laser is used to erase the non-image area it is known as whitewriting; if it creates the image
area it is known as blackwriting. The image-creating part of a laser printer is called the
"engine."
The Canon engine in the Apple LaserWriter used for this experiment is
blackwriting.8
The laser in a laser printer is controlled by a polygon-shapedmirror that
aims the laser beam at the drum. The path of the beam is horizontal across the drum
surface. The drum in the LaserWriter is charged and the charges dissipate when struck by
the laser. It becomes clear at this point that if toner is then attracted to the charged areas, a
negative image will result However, since the toner has the same charge as the charged
areas of the drum, toner will only go to non-charged areas (ie., where the laser has struck.)
Thus the toner systems are quite different between
black- and whitewriters.
A by-product of toner systems in general is that to get a dark black you have to get a
lot of toner to that area. However, the toner, being all of one charge, resists being in one
place together in close contact. This puts a ceiling on the maximum density. When it comes
to creating a fine halftone a similar problem arises. The concentrated pattern of halftone
dots creates little islands of like-charge that begin to affect each other as the linescreen
increases.
PostScript
In 1982, Chuck Geschke and John Warnock formed Adobe Systems, Inc. Their
product PostScript is described as "a programming language designed to convey a
description of virtually any desired page to a
printer."9
PostScript's syntax resembles the
programming language Forth, but there are also similarities to Lisp10. The PostScript
image operator was used exclusively for this project A description of how it was used is
contained in theMethodology section, page 16. For the purposes of this project,
PostScript provides the means to program the firing of the laser in the laser printer.
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FOOTNOTES FOR CHAPTER TWO
-J.J. Rheinfrank and L.E. Walkup, "Current Status ofElectrostatic Reproduction
Processes,"
1961 TAGA Proceedings. Technical Association of the Graphic Arts,
Rochester, New York: n.p., 1961, p.114.
2AllenMaurer, Lasers - LightWave of the Future. New York: Arco Publishing, Inc.,
1982, p.2.
-Ibid., p.39.
4Bruce Blumberg, "Page Printers for Low Cost Electronic
Publishing,"
The Fourth
National Print Quality Seminar. Newtonville,Massachusetts: Datek Information
Services, Inc., 1985, p. 237.
5One exception is the Tegra Genesis system which claims addressability of 1012 spots per
horizontal inch on plain paper, Tegra promotional material.
6"...PostScript has now emerged as
'the'
page description language. At the moment,
Adobe Systems is almost in amonopoly
position."
The Seybold Report on
Publishing Systems. "Competitors for Adobe
Systems,"
16 (May 11, 1987): 49.
Encyclopedia of Physical Science and Technology. 1987 ed. S. v. "Photographic
Materials and
Processes,"
by P. S. Vincent, pp.484-494.
8Personal letter fromMark Curby and Ishmael Stevanov-Wagner.
9Adobe Systems, Inc., PostScript Language Tutorial and Cookbook. Reading, Mass.:
Addison Wesley Publishing Co. Inc., 1985, p. 1.
10Adobe Systems, Inc., PostScript Language ReferenceManual. Reading,Mass.:
AddisonWesley Publishing Co. Inc., 1986, p. 17.
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CHAPTER THREE
REVIEW OF THE LITERATURE
In an article in the February 16, 1987 Seybold Report on Publishing Systems1,
David R. Spencer, chairman ofData Recording Systems, uses a chart to illustrate a point
about the tradeoffs between shades of gray and the fineness of line screens. The results for
300 spots per inch are summarized in Table 1 and shown graphically in Figure 2.
Table 1 - Matrix size, number of grays possible and linescreen at 300 spots per inch
Matrix Size 2x2 3x3 4x4 5x5 6x6 8x8 10x10
Grays Possible* 5 10 17 26 37 65 101
Linescreen 150 100 75 60 50 37.5 30












30 60 120 150
Linescreen in lines per inch
Figure 2 - Grays possible versus linescreen at
300 spots per inch
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Figure 2 shows that the larger the number of grays producible, the fewer the lines in
the linescreen. Spencer goes on to say that at 300 spots per inch, there just is not a
satisfying tradeoff; his cutoff is the point at which 64 shades of gray are achievable, and
the line screen is at least 65 lines per inch. In fact, this combination of factors is not
possible until the addressability reaches 600 spots per inch. Stephen
Roth2
,in theMay
1987 issue ofPersonal Publishing magazine, makes a similar statement about the number
of grays producible. Both authors have assumed that these projections are in fact true.
While the linescreen information is accurate, the number of grays achievable is debatable
(refer to discussion on gray production in the paper tests, page 54.) It is this discrepancy
between what is calculable and what happens in reality that provided the impetus for this
thesis.
A good understanding of digital halftoning is important to this study. Some
references that are helpful are Jarvis et al (1976), Stoffel andMoreland (1981), and
Anastassiou and Pennington(1982). More recently, Goertzel and Thompson of IBM
(1987), have written about digital halftones on the IBM 4250 printer. David Spencer
(1985, 1987) and Amnon Goldstein (1985), both ofData Recording Systems, Inc., have
both published thought-provoking articles on the issues involving print quality of laser
printers. Dr. WilliamWhite has also written lucidly on toners and resolutions (ofparticular
note are the microphotographs.) His book, Laser Printing: The Fundamentals, has good
basic information on laser printers.
For information on PostScript, the books by Adobe Systems Inc. formed the
starting point for the programming necessary
to build the test patterns. PostScript has been
the focus of quite a lot of interest recently, see Dennis Pelli's contribution to the Berkeley
Macintosh Users Group Newsletter, Fall 1986, pp.35-44. For information about
numerous page description languages see the April 14, 1986 issue of the Seybold Report
on Publishing Systems.
For information on Bartleson and Breneman's darkness values, refer to
their
original article (1967), and also those ofArcher (1978) and R. E. Maurer (1982).
In
addition, an unpublished
handout by Prof. Robert Chung ofRIT was instrumental in
getting this
information to the author.
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FOOTNOTES FOR CHAPTER THREE
!David R. Spencer, "Output Technologies and High
Resolution,"
The Seybold Report on
Publishing. 16 (February 16 1987): p.5.
2Stephen Roth, "OfLines and
Shades,"




The hypothesis of this project can be stated as follows:
Two halftone dot patterns constructed on the same matrix and containing the same number
of spots will produce different densities if the configuration of the spots within the matrix
is different
To give an example, a 4x4 condensed matrix containing eight spots will produce a
different density than a 4x4 open matrix containing eight spots (see Figure 3).
Open Condensed
Figure 3 - Comparison of 4x4 open and condensed matrices with eight spots on
The 4x4 open matrix containing eight spots will produce a darker density because of the
tendency of toner to fill in the non-image area.What is
of importance here is that judicious
design ofmatrices can be used to control tone production.
This hypothesis will be tested by comparing the results of condensed versus open
dot forms. The nature ofnon-square matrices will be tested with the diamond dot forms.
The effect of paper on these processes will also be tested.
First and foremost, it is the intent of this project to show that what might appear to
be achievable with the laser printer is not always what happens
in practice. The confusion
between 300 spots per inch addressability and 300 spots per inch resolution is an example
of this. In addition, both Spencer and
Roth have calculated the number of grays
15
mathematically possible, but they have not tested the actual output It is the author's belief
that fewer grays are actually possible than Spencer and Roth estimate. Testing how many
gray levels can be produced would be a thesis in itself, but it will be addressed in some




A basic method was used for all the testing in this project. First a PostScript file
was created that, when output on the laser printer, would result in a halftone test pattern.
These test patterns were measured by densitometer and the results recorded. In this
section, the nature of the creation of the tests will be discussed, as well as tests to ascertain
the variation in the densitometer and the laser printer. Finally, the techniques used for the
microphotography and microscopic measurements will be discussed.
TheDevelopment of the Tests
The feasibility of this project hinged on the creation of the various test patterns.
Prof. Frank Cost suggested that these patterns could be created on an Apple Macintosh
personal computer using the page description language PostScript Continued research
revealed that the "image
operator"
described in the PostScript Cookbook and
Tutorial1
along with the software programs JustText and
SendPostScript would allow the creation of
the programs and their transfer to the LaserWriter. The creation of the individual patterns
was time-consuming. First, the dot pattern had to be broken down into a series of laser
spots that could be repeated to produce the actual dot. This series then had to be translated
into a hexidecimal format for use in the image operator. Finally, the hexidecimal numbers
were input on theMacintosh and proofed on the LaserWriter to ensure that the correct dot
pattern was produced.
A portion of a typical program looks like this:
150 650 translate
69 69 scale







This program would create a 3x3 matrix with one spot on out of nine. The first command,
"translate", determines where the image will be placed using x and y coordinates. The
second command, "scale", determines that a square image 69x69 units will be produced
(there are 72 units to an inch.) The next seven lines are the
"image"
command. The first
three numbers of the first line indicate that the image will be 288x288 pixels wide and each
pixel will be represented by one bit The six numbers in the square brackets scale the image
to fit the unit square described in the
"scale"
command.2
The next six lines are a
hexidecimal representation of a halftone. PostScript hex is the reverse of normal hex so
that F = 0000 where 0 represents non-image area. The two lines of solid F's (the F's
repeat 72 times) represent one horizontal scan line. The same is true of the two lines of
B's, 6's and D's. The last two rows ofF's complete the third row of the 3x3 matrix.
When that is completed, the cycle is repeated until the unit square is filled. At that point,
the image is actually created using the command
"showpage."
Appendix F, page 93, contains a sample of a 3x3 condensed dot test pattern. Note
that the 10 squares (one is blank) represent the ten gray levels. The four small black corner
squares appear in every test image.
Using this kind ofprogram, several dot shapes were produced. They are categorized
under the names "condensed", "open", and "diamond". The figures that follow illustrate
the differences in the various dot shapes. The open dot shape describes a dot that is







Figure 4 - 3x3 open matrix
The condensed dot shape describes a dot that is built around a central spot:
Z 1
Figure 5 - 3x3 condensed matrix
The square nature of these open and condensed dot forms makes it possible to stack them
one on top of another. This allows a
screen angle of zero (the rows could be staggered to
create screen angles other than zero; however this was not done in this experiment.)
Screen angle becomes a factor in the diamond class of dot shapes since these dots
are not formed on a square matrix and don't stack up neatly
like boxes. However, in the
sense that they build on a central spot, they
are similar to condensed spots. Figure 6





Figure 6-13 spot diamond matrix
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The relation between spots in the matrix, number of gray levels, and screen angle is shown
in the table below:















?includes black and white (remember that this is what is mathematically possible)
The spot patterns described in the chart above can be described in a visual shorthand
that describes the way the dot is formed:















12 6 1 2 10
5 4 3
11
Figure 7 - Spot sequence in 13 spot diamond matrix
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For information on the spot sequence of all dot forms, see Appendix E, pages 88-91.
Since there are so many possible combinations of dot formations only a few could
be chosen for testing. These particular condensed and open patterns were chosen to
compare the affect of toner spreading into non-image area. The diamond pattern was
chosen to look at the effect of another dot form (one with a non-square matrix and a screen
angle.) Screen angle could have been isolated as a factor by creating screen angles for the
open and condensed dots, but this was not done in this study.
DensityMeasurements
All density measurements were made with an X-Rite 309 reflection densitometer.
Calibration was handled as specified by the manufacturer. Measurements were made on a
table surface with a blank sheet ofpaper backing up the test. Three measurements were
made on each
l"xl"
test square. The measurement sequence within the square was: upper
right corner, left center and lower right comer. These measurements were recorded direcdy
on the sheet and later averaged. These averages were used for analysis.
The tests for this research were run on an Apple LaserWriter. When running a series
of tests, they were run uninterrupted. Paper for these tests has been supplied by Boise










represents Boise Cascade Laser Paper and
"E"
represents Boise Cascade Cotton
Laser Paper. Paper
"C"
was chosen to be used for all tests where paper was not the
variable.
Two parameters are of particular importance in this study. The first is the ability of
the densitometer to give reproducible results within
an acceptable tolerance, and the second
is the ability of the laser printer to
produce the same pattern (from a source computer file)
within reasonable tolerances. The results for the following sections are to be found in
Appendix C, page 79.
Testing of the Densitometer
The X-Rite 309
manual3
states thatmeasurement of the calibrated reference check
plaque will conform to these values
within +/-.02D. This figure is complicated somewhat
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in this study by the halftone nature of the test patterns and the variations that can occur
within a given test pattern. Measurements were recorded in density, not dot area. In an
effort tomaintain the highest accuracy while keeping the procedure feasible, three
measurements have been made on each test square. To test the repeatability of
measurements made in this manner, an experiment was conducted. Three test squares were
chosen andmeasured 35 times each. The first square had an average density of .26, the
second square had an average density of .78, and the third square had an average density
of 1.13. The standard deviations are as follows: light patch
.006,
medium patch .010 and
solid patch .018. What this implies is that the lower densities are measured more accurately
than the higher ones.
Testing of the Laser Printer
A single Apple LaserWriter was used for all tests; initially it was tested for
consistency. The consistency test (see Appendix C, page 80) showed the extent of
variation possible within repetitions of the same file. This test had thirty solid black
squares (each l"xl") in five columns of six squares each. This same file was printed three
times with the results as follows. Density measurements ranged from .88 to 1.30 (a range
of .42). This wide range is accentuated by the variations in density on a given page;
however, if a square is compared to a square in the same position on the following page
then the variations went only as high as .26. Following in this manner of only comparing
the same square on different pages shows that 100% of the measurements fall within .243
of the mean. In other words, there is a standard deviation of .08 1 .
It was discovered that there is a tendency for the printer to print darker on the left
hand side of the page (this is clearly shown by the averages ofpages 1-3, Appendix C,
page 81.) The top was also slighdy darker than the bottom. General observations revealed
that sheets were often marked with traces of a previous image. In addition, a dark image on
a single sheet could affect the darkness achievable in other areas of the sheet. It became
clear that several steps would have to be taken to adjust for these variations. First, corner
test squares were included on each image so that a general
comparison could be made
between any two test sheets. Secondly,
the positioning of the squares was reconsidered.
Greater space was left between test images, fewer images were included on a page, and
test images were kept away from the edge
areas of pages where variation was greatest.
Thirdly, when a number of like-tests were to
be run, a
"sample"
was run first to eliminate
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the ghosting effect of a previous image. Even with these adjustments, it was clear that a
certain amount of variation was inherent in the process which could not be avoided.
Comparing the StandardDeviations
It follows that a comparison can be made between the densitometer and the laser
printer. The densitometer measured a solid test square in 35 trials with a standard deviation
of .018 (mean density = 1.13). The LaserWriter created the same solid test square 90 times
with a standard deviation of .081 (mean density =1.14.) Although it is true that the
variation caused by density measurementwill be reflected in this .08 1 standard deviation
for the LaserWriter, it is still quite clear that the variation in the LaserWriter is of a much
greater magnitude than in the densitometer.
Microscopic Studies
The microphotos were shot using an Olympus BH-2 microscope with
Tungsten-Halogen lamp and aNikonMultiphot photographic attachment The
magnification was 80x (V on the photograph = on the original.) All photographs
represent Paper C. Polaroid Type 55 Positive/Negative Instant sheet film was used.
Exposure time was four minutes and development was handled as prescribed by Polaroid.
These 4x5 negatives were then contact printed for reproduction in this thesis. They have
been mounted on a grid illustrating the matrix.
Microscopic measurements were taken to determine the actual size of a dot
consisting of one spot. The instrument
used was a Bausch and Lomb lightmicroscope
with a lOx lens, zoom adjustment and a calibrating eyepiece. The eyepiece was
calibrated
to an etched slide with divisions of .001". The markings in the eyepiece were adjusted to
be equal to through the use of the zoom adjustment.
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FOOTNOTES FOR CHAPTER FTVE
1Adobe Systems, Inc., PostScript Language Tutorial and Cookbook. Reading,Mass.:
AddisonWesley Publishing Co, Inc., 1985, p.l 1 1-116.
2Surprisingly, when the scale was set to 72x72 and a 300x300 pixel image was created the
resulting test pattern displayed repeating patterns that streaked the image vertically
and horizontally. Trial and error tests confirmed that the combination of 69x69
scaling plus a 288x288 pixel image resulted in non-streaked test patterns. 288 is a
multiple of 72 which may be why it eliminates the streaking, although no
explanation for a unit square of 69x69 was ever determined.




Besides the consistency tests (refer to theMethodology section), a number of
different tests were conducted. They can be divided into groups: tone production,
microscopic studies, and paper tests. All data for the tone production and paper tests are
included in the Appendices. The results of the microscopic studies are included in this
chapter (with the exception of the microphotographs.)
Tone Production
Tone production curves were produced for 2x2, 3x3, 4x4, 5x5, 6x6, and 8x8
matrices.Within each of these matrix structures two dot forms were compared: open and
condensed. These tests were run on Paper C. The graphs of these tests appear on pages 35
to 40 in the Analysis section. (The graphs record density on the y-axis and number of
spots on divided by total spots in the matrix on the x-axis.) Several trends become clear.
The condensed dot forms, Figure 11, tend to produce a slight s-shaped curve that becomes
less and less accentuated as the matrix size increases. Conversely the open dot forms,
Figure 10, produces an exaggerated s-curve that actually develops a hump near the 50%
spots on region. Density continues to drop until around 70%. This curve becomes more
exaggerated as matrix size increases.
Tone production curves were also produced for the diamond dot forms. These dot
forms (see Figure 12) produced curves quite similar in shape to the condensed dot forms
(ie.,slightly s-shaped.) The midtones (from approximately 30%
to 70%) are covered by
lower and lower densities as the number of spots within the diamond matrix increases.
Where direct comparison is possible (see below) it can be seen that even though the
same percentage of spots are on in thematrix, a larger density is achieved where the matrix
is smaller:
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Table 3 - Comparison of test squares with 50% spots on















32/64 .45 1.15 .39
?For the purpose of comparison, the density is adjusted to the maximum density
achieved by the LaserWriter on a given day. All of the densities have been adjusted
to a maximum density of 1.00. In the case of 2/4 spots on this means that the
density, .71, is multiplied by 1.00/.93 to give an adjusted density of .76. The
assumption made here is that if the density had been 1.00, the 2/4 step would have
been .76. Yet even without adjusting the density there is a gradual decline in density
as the number of spots increases.
The dot shapes used for this test were the 8, 12 and 24 diamond shape, and the 2x2, 4x4,
6x6 and 8x8 condensed dot shapes. The open dot shapes at 50%, since they are all
checkerboards, are all quite similar. They average at about .82 adjusted density.
Microscopic Studies
Microscopic measurements were made to determine the actual size of the dot. The
markings in the eyepiece were adjusted to be equal to through the use of the zoom




Figure 8 - Irregular nature of the dot
The criterion used was that the bulk of the dot should fall within the stated
measurementMeasurements were made on 2x2, 3x3, 4x4, 5x5, 6x6, and 8x8 matrices
using the test square where only one spot in the matrix was on. In this manner, the variable
between the tests is the distance between adjacent spots. It should also be noted that as the
dots come closer and closer together, the irregularity in the dot shape increases. The
measurements for the individual spots are as follows:








Diameter of the dot
A measurement was also made of the 2x2 open dot form where
two out of four spots are
on in the matrix. This checkerboard pattern has quite
an irregular dotwhich makes exact
measurement difficult however the diameter is no
greater than .003". Graphically the data
can be summarized in this manner:
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5x5 4x4 3x3 2x2 2x2
*
? Side of box equals
Figure 9 - Illustrating dot size
(The second 2x2 matrix represents the two spots on situation. In each case the nearest
adjacent dots are also shown.)
The accuracy of the measurements was tested by measuring the distance between the
dots and comparing itwith the known linescreen values:
Table 5 - Testing the accuracy of the microscopic measurements








Microphotographs were taken to give a visual illustration ofwhat is happening at the
level of a single spot. The photos are shown
on pages 41 to 49. They have been mounted
on a grid to illustrate the relationship
between the spot and the matrix. The photos were
shot at a magnification of approximately
80x (one inch on the photograph is equal to
.0125"). The photos will be discussed in
the analysis section, but please note two things:
first the relative size of an
individual spot and second, the




Two factors relating to paper were tested as part of this research. The first is the
ability to achieve a high maximum density. The second is the ability to produce a tonal
curve through a range of grays.
Maximum Density Tests - The density test consisted of taking density measurements
from 12 solid black patches, as well as recording the density of the white of the paper.
Three sheets were run for each paper sample. The results were then averaged and shown
below (rankings are in parentheses):
Table 6 - Results of the first paper test
Paper Dmax PaperWhite Range St. Dev.
A 1.114(2) 0.089(1) 1.025(2) .030(5)
B 1.134(1) 0.090(2) 1.044(1) .034(3)
C 1.102(3) 0.095(4) 1.007(3) .035(1-2)
D 1.069(5) 0.102(5) 0.967(5) .035(1-2)
E 1.061(4) 0.093(3) 0.968(4) .031(4)
Ave. 1.096 0.094 1.002 .043
The test was repeated at a later date with the following results:
Table 7 - Results of the second paper test
Paper Dmax Paper
White Range St. Dev.
A 0.887(4) 0.089(1) 0.798(3)
.033(2-3)











It is interesting to note that themaximum density achieved on the day of the first test
is 1.096 compared to 0.890 on the second day. Each test represents, in the case of
maximum density, 36 measurements (gleaned from 108 actual measurements on the 36
squares.)
Gray Production Test - To test the ability of a paper to produce grays (and also to
gauge the amount of filling in) another test was run. The 5x5 open matrix pattern was run
three times on each paper. Density measurements were taken and averaged. Since this
particular dot formation forms a characteristic hump-shaped tone production curve, it was
decided to compare the points where the curve peaks and where it reaches the bottom.
These peaks, bottoms and corresponding spot numbers are recorded below:
Table 8 - Results of the third paper test
PeakDensity Bottom Density Difference between
Paper and Spot # and Spot # Peak and Bottom
A .70/12,14 .64/17 .06
B .72/12 .66/16,17 .06
C .69/12 .63/16 .05
D .69/14 .67/16,17 .02
E .69/14 .64/16 .05
Ave. .69/14 .65/17 .04
This particular test will be of importance not only in determining a paper's ability
to
reproduce a tone curve accurately, but also to get a
look at the nature of this hump/bottom
phenomenon. This is because the averages of the results
of all papers show that steps 14
and 17 are the keys to solving the puzzle.
The nature of the gray production will be
discussed by the use of several
methods to grade the production of grays. Refer to the
Analysis section, page 32 for an
explanation of these methods.
Additional tests were made on the
paper to determine some of its general
characteristics:
Table 9 - Overview of paper characteristics
31
A B C D E
Weight(in lbs.) 20 24 24 20 20
Opacity 87 90 92 86+ 85+
Brightness 89 89 90 85.5 91
Brightness* 89 93 89.5 85 90
?brightness measurements made on a PhotovoltModel 670 reflection meter (the




This section is divided into three parts: tone production, microscopic studies, and
paper tests. The data from the Results section is contained in the Appendices. The data has
been used to calculate means and standard deviations. The raw data, along with the means
and standard deviations is shown in these Appendices. Graphs have been drawn to
illustrate some of the data. The graphs are on pages 35 to 40 at the end of this chapter.
Tone Production
The bulk of this section consists of the graphical representation of the Results
section. Figures 10 through 15 are graphs of the tone production curves. Density is
recorded on the y-axis while percent of spots on in the matrix is recorded on the x-axis.
Percent of spots on in the matrix simply is a calculation of spots on divided by spots in the
matrix. For example, one spot on in a 25 spotmatrix yields a value of 4% spots on in the
matrix.Where certain curves within a category showed great similarity (as is the case in the
diamond matrix for example) only one curve was shown to preserve the clarity of the
graph. For example, the 12 diamond and 13 diamond are very similar and therefore only
the 12 diamond is shown on the graph (the same is true for 24 and 25, only 24 diamond is
shown.) This adjustment has been made in figures 10 through 12.
A good comparison can be made of the 25 diamond, 5x5 condensed and the 5x5
open matrices since they all contain 25 spots within the matrix. For this reason they have
all been shown together in figure 13. The curves in the graphs have been drawn to
represent the data points. It should be noted that in the matrices containing few spots (ie.,
2x2, 3x3, 5 diamond) this means that the curve has
been drawn using relatively few data
points. No curves are drawn in figure 14. All the data points are shown to illustrate the
uneven nature of the data. Column breaks are shown to show the effect that page
location
has on the test. In the 8x8 test, 24 test squares fit on a
page in four columns of six squares
each. Three pages were required to fit all test
squares. 8x8 open is represented by
"o's"
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and 8x8 condensed is represented by "c's". Where the values are the same an
"x"
appears.
Bartleson and Breneman values were used to create the ideal tonal scale in Figure
15. This system relates human perception to density values. In this manner, steps of equal
visual difference can be created. Therefore, if the maximum density of the 8x8 condensed
matrix is 1. 15, an ideal curve of 65 steps can be created using 1 . 15 as the maximum
density and 0.10 as the minimum density. See Appendix D, page 84 for calculations and
an in-depth explanation.
Microscopic Studies
The microscopic measurement results are shown in the results section in their
entirety. No further analysis has been performed on this data.
The microphotographs have been mounted on grids which represent the matrices on
which they are built The
"x's"
represent the spots which are on. Figure 16 includes a
microphotograph of parallel lines at their finest resolution (there is no underlying matrix for
this.) Figures 17 through 22 should be viewed as a series. They all represent the 5x5 open
matrix with anywhere from one to 24 spots on. Figures 18 and 21 are remarkable for their
similarity though 18 has six spots on while 21 has 18 spots on. Figure 23 represents the
12 spots on square of the 5x5 condensed matrix. Figure 24 represents 12 spots on, in this
case in the 25 spot diamond matrix. Both 23 and 24 should be compared to Figure 19,
since in each of these cases 12 out of 25 of the spots are on in the matrices.
Paper Tests
Appendix B, page 74, gives the full extent ofdata and calculations. The gray
production part of the paper tests requires an analysis to determine how many grays were
produced. There are certainly many ways to do this kind
of analysis. The author has
developed three methods of doing this and each will be looked at separately. First, it is
possible to measure the number of times that a value
of a given step is less than or equal to
the previous value. Certainly if a value in an ascending gray scale does
not exceed the
previous value it cannot be considered a separate
gray. This method will be calledMethod
One. Anothermethod would be to count the
number of times that the value of a given step
does not exceed the highest previous
value. This method will account for dips in a curve
(like in the open curves) where values may
be ascending but have actually been exceeded
earlier in the curve. This will be referred
to asMethod Two. The last method will involve
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counting the number of times that the value of any step in the test is repeated. This method
will be referred to asMethod Three. To review:
MethodOne - the number of times that the value of a given step is less than or equal
to the previous step
Method Two - the number of times that the value of a given step is less than or equal
to the highest previous value
Method Three - the number of times that the value of a step repeats
These calculations have beenmade not only for the paper tests, but also for the tone




































































































Figure 1 1 - Graph of 2x2, 3x3, 4x4,
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Figure 15 - Graph of ideal tonal scale versus 8x8
condensed matrix
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Figure 17 Microphoto of 1/25 5x5 open matrix
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Figure 18 - Microphoto of 6/25 5x5 open matrix
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Figure 19 - Microphoto of 12/25 5x5 open matrix
45
Figure 20 - Microphoto of 13/25 5x5 open matrix
46
Figure 2 1 Microphoto of 1 8/25 5x5 open matrix
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Figure 22 - Microphoto of 24/25 5x5 open matrix
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Figure 23 - Microphoto of 12/25 5x5 condensed matrix
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This chapter is divided into three sections: tone production, microscopic studies and
paper tests.
Tone Production
For this discussion please refer to Figures 10 through 15 on pages 35 to 40. An
inherent characteristic of the curves of the open matrices becomes clear in Figure 10. The
curve (of 6x6 for example) reaches an initial peak at about 50% spots on and then drops
until 70% spots on at which point it increases again. This is apparent in Figures 13 and 14
as well. The curves of the condensed matrices on the other hand, tend toward an s-curve
shape which is relatively flat in themidtones. The diamondmatrices are quite similar to the
condensed as a group (see Figure 12). The three types of curves can be compared in
Figure 13. Clearly the most striking aspect of this graph is the humped-shape of the 5x5
open curve. Itmight be surmised that the open matrices would fill in causing the rapid rise
in densities shown; however it is curious that the densities decrease past 50% as more
spots are added. This question is answered by the microphotographs and will be discussed
in the microscopic studies section of this chapter. Remember in looking at Figure 13 that
the open and condensed 5x5 matrices differ only in the way the spots are configured.
The general shape of open versus condensed curves is well documented in Figure
14. In addition, the influence ofpage location is indicated by the marking of the column
changes. The data points do not form a perfecdy smooth curve. In part this is caused by
the column changes. Note, in particular, page 3, column 1 where both open and condensed
rise by considerable amounts. The same
is true to a somewhat lesser extent in page 3,
column 2. This emphasizes the point made in theMethodology section, that is, that page
location plays a large role in the density of a given test square.
The final graph, Figure 15, compares an ideal
Bartleson and Breneman curve to the
8x8 condensedmatrix curve. The curves
are quite similar. However, several important
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facts should be noted. First, the 8x8 condensed matrix represents a line screen of 37.5
which while affording numerous grays, sacrifices detail. Second of all, the 8x8 curve is
too steep in the highlight and shadow, and too flat in the midtone. This means that the
midtone area from about .3 to .6 in density ( a range of .3) is covered by more grays than
the entire rest of the range (about .75). Last of all, due to the digital nature of digital
halftones, the first few steps are of greatermagnitude than the ones that follow. The values
of 0/25,1/25,2/25,3/25 and 4/25 are as follows: 0.10, 0.14, 0.17, 0.19, and 0.20. Ideally
the steps might be 0.10, 0.12, 0.14, 0.16, and 0.18. If this were the case, there would
not be such a large jump from the paperwhite to the first gray. In addition, it would
facilitate the spreading out of the flat area in the midtone.These conditions, however, are
difficult to achieve in a digital halftone. Remember that the addition of a spotwithin the
matrix will make a greater difference if very few spots are already there. For example,
from one to two spots there is a 100% increase in the number of spots, from two to three
only a 50% increase and so on.
Pulling data from the various curves the following comparison can be made between
all of the data points atwhich 50% of the spots are on (see Results, page 26):
Table 10 - 50% spots on with information concerning area between spots
Spots on Area between spots Do comers touch? Adjusted density
2/4 2 units Yes .76
4/8 4 units Yes .74
6/12 6 units Yes .60
8/16 8 units No .55
12/24 12 units No .50
18/36 18 units No .46
32/64 32 units No .39
Even though the same percent of spots are on, it is clear that the density increases as the
area between the spots increases.Why should this be? There are certainly many factors at
play here, two of them being
laser spot size and the amount of overlap. One possible
explanation is that as the line ruling increases, toning will be
less likely in the non-image
areas. Therefore density will decrease.
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Microscopic Studies
The microscopic measurements reveal that the diameter of a dot consisting of a
single spot remains at a constant until thematrix size is reduced to 4x4. At that point
the dot continues to shrink until it becomes so irregular that it is difficult to measure. This
destruction of the unit building block of a halftone is of utmost concern to designers of
digital halftones.
For the following discussion of the microphotographs please refer to Figures 16
through 24, pages 41 to 49. Figure 16 is a good illustration of the manner in which toner
fills in the non-image area. These are the finest parallel lines that the LaserWriter can
create. In a unit inch, one hundred and fifty of these black lines would be bordered by one
hundred and fifty white lines. If itwere possible to output this image to photographic paper
the nature of the image would be much different The spread of toner would not be a
problem and the definition of the edge would be much finer. This higher resolution is
reflected in the higher cost ofphotographic paper and film.
The next sequence, Figures 17 through 22, is of interest for several reasons. Note
the decrease in spot size between Figure 17 and 19. The individual spots are visible in
Figure 19 and have shrunken remarkably as compared to Figure 17. Figures 18 and 21
make another interesting comparison. In effect, six spots (in Figure 18) do the work of 18
spots (in Figure 21). This is due to toner filling in the non-image area in Figure 18. Toner
falls into the non-image area; however because it is surrounded by more toner that has
already made its way to the image area, it can'tmake its way out and is ultimately trapped.
The hump shaped curve in Figure 13 can be explained with the microphotographs.
Figure 19 represents the peak of the curve, Figure 20 represents the point immediately
after. Figures 19 and 20 illustrate the decrease in density that occurs. Note how Figure 20
appears lighter than Figure 19 even though an extra spot has been added. What appears to
be happening here is that the extra spot, which is surrounded by four other spots, forms a
large charged area with its neighbors. This charged area appears to draw the toner from the
non-image area thereby creating a higher density. This extra spot has the effect of cleaning
up the non-image area of stray toner;
however it also appears to make itmore difficult for
toner to be attracted to the image areas that are isolated.This process continues until this
large central charged area has become large enough itself to begin an increase in density
(see Figure 21.) It is surprising that to reach Figure 21 it is necessary to pass through
Figures 19 and 20. Figures 18 and 21 are similar enough to appear that they might fall next
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to each other in sequence, and yet, the central dot in Figure 18 virtually decomposes before
being built up again in Figure 21. Figure 22 represents one spot short of a solid black.
Note that the size of the open (non-image) area is quite similar in size to that of the image
area in Figure 17.
Figures 19, 23 and 24make an interesting comparison of 25 spot matrices with 12
spots on. The resulting densities (.42 diamond, .53 condensed, and .88 open, refer to
Appendix A) show a difference that is also quite visible on the microscopic level. In Figure
19, the open areas between spots have filled in to a great extent In Figure 23 the greatest
amount of filling-in takes place at the point where the halftone dots are end to end. In
Figure 24 the halftone dots only approach each other at the comers and it is at these corners
that some filling-in takes place. This limited filling-in that takes place in Figure 24 is a
result of the screen angle that exists in the 25 diamondmatrix. This is an important factor
to keep in mind while designing matrices since it can be used to control filling-in. These
microphotographs show that configuration within the matrix, and, the shape of the matrix
itselfplay a large role in the resulting densities.
Paper Tests
Maximum Density - Achieving a high maximum density is important in tone
production since it allows a greater range of values to be covered by various grays. A low
maximum density will compress the gray scale so that adjacent grays become more similar.
The other factor in range is the minimum density. What is being compared in this paper test
is the range from maximum to minimum density. In the first test Table 6, page 29 the
papers are ranked by range in the following order: B then A, C, E, andD. It would be
statistically possible to judge the accuracy of this ranking
given themeans and standard
deviations. However, the second test, Table 7, page 29, gives a ranking ofC then B, A,
D, and E. This ranking throws some doubt onto any judgements of order that might be
drawn from these rankings. It should be noted that on the day of the first test, the average
maximum density was 1.096 while on the day of the second test the average was 0.890.
Also of note is that the lowestmaximum density value in the first test exceeds the highest
value of the second. A variation of this magnitude in the operation of a piece of equipment
over a period of time makes it difficult tomake generalizations about factors like paper
which cause much subtler variations. It is quite possible that the fluctuating maximum
density could affect the ranking,
but to determine that is beyond the scope of this project
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In looking at the rankings one thing does remain consistent from one test to the
other, and that is that the Boise Cascade papers (D and E) did not perform as well as their
counterparts from Hammermill (A, B, and C.) D and E were ranked last in both tests.
Information on price may give a clue to why this is true. Boise Cascade supplied
information aboutD and E; they sell for $2.95 and $4.95 per ream (500 sheets). The
Hammermill papers are for sale locally for $5.95, $6.75 and $8.90 per ream for A, B, and
C. It seems only natural that amore expensive paper should outperform a less expensive
one. Table 9, page 31 shows that weight may be a deciding factor (in both price and
performance.)However, these papers may not have been createdwith my criteria in mind
(ie., achieving a high maximum density.) And, it is true that one of the Boise Cascade
papers outperformed the others in the gray production tests.
Gray Production - This test was run to see how different papers would handle the
characteristic hump-shaped curve of the 5x5 open matrix. It was anticipated that a paper
which tended to allow more filling in of the non image area would show a more
accentuated hump. The resulting differences in density from peak to bottom are as follows:
Paper A -
.06,
Paper B - .06, Paper C - .05, Paper D - .02, and Paper E - .05. This data
helps point out what is happening in the 5x5 open matrix, but in terms of grading
performance of the different papers, there does not appear to be enough evidence to make
conclusions. PaperD's small hump is the least of all papers. It is also interesting to note
that PaperD had the lowest standard deviation in second paper test If the variation for this
paper is the lowest, it follows that itmight be able to print the test in themost consistent
manner. But there is not strong enough evidence to make broad conclusions, particularly
since PaperD had one of the highest standard deviations in the first paper test (see
Appendix B, page 75.) This may be a side effect of the great variation in maximum density
from the first to second maximum density test
Another clue to the tone production ability of a paper is its evaluation by the three
methods discussed in the Analysis section, page 33-34. In evaluation by these methods,
Papers B and D did consistently better than A, C, and E (see Appendix B, page 77.) Here
again, further testing would be wise before making
conclusions about these papers.
However, a more general, non-paper related
trend in gray production is certainly visible. If
the results of the three methods are totaled
and averaged, it becomes clear that the 5x5 open
dot form is not producing 25 shades of gray
plus white. It is actually producing (on Paper
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C for example) about seven grays less than that. The information formatrices containing
25 spots is summarized in Table 10:






Number of trials (3)






?from the gray production test, Paper C
Using Table 10, a comparison can be made between the various dot forms. This table is an
interesting barometer of the effectiveness of a halftone design. The higher the total, the less
effective the design. It should be noted that all the figures in Table 10 are the results of





The hypothesis is correct Toner filling-in does cause higher densities in open
matrices as opposed to condensedmatrices. In addition, it is clear that concentrated areas
of toner tend to draw toner from image and non-image area alike. This factor also plays a
role in spot size. As individual spots get within of each other, they start to shrink. It
is this shrinking spot that is one of the most intriguing discoveries in this research.
Open matrices are susceptible to toning which may be influenced by several factors,
including paper andmaximum density. Condensed square matrices tend to have greater
toning than diamond matrices, presumably because of screen angle. The results of the tests
of the diamondmatrices indicate that judicious use of screen angle can reduce the amount
of toning that takes place in non-image areas.
In essence then, to optimize tone production condensed matrices with screen angles
approaching 45 degrees will yield the curve that closest approaches the Bartleson and
Breneman curves.Matching the Bartleson and Breneman curve in the highlight and
shadow will always be difficult due to the digital nature of the process. Furthermore, as
linescreens increase, the individual halftone dots must be diligentiy observed to assure that
the dots remain intact. This is of particular importance if the halftones are to be reproduced
by lithography. In the Discussion (page 52), it has been shown that six spots can do the
work of 18. Therefore designers of digital halftones may want to use this property to their
advantage. In addition, designers may wish to eliminate
tonal steps from the midtone areas
where the tone production curves are generally flat. There is no sense in encoding these
steps if the increments are minimal.
The paper tests do not allow for strong conclusions. Certain papers appear to
produce a highermaximum density (and range), but these results are not entirely
repeatable. Cost is also a primary factor. Certain papers
appear to perform better in
producing a sequence
ofgrays, but the reasons for this may be
complex and have not been
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explored here. These tests, however, and earlier tone production tests point out that the
number of grays that the LaserWriter can produce is significantly less than what is
mathematically calculable.
Finally, the tests that were done to ascertain the variability of the LaserWriter show
results that imply thatmaximum density and variation are considerable.Maintenance or
amount of use may be a factor here. Tighter controls on the upkeep of the printer would be
necessary to obtain more reliable test results. It is clear that the use ofplain paper requires
the acceptance of variation of a greater degree than photographic paper, but further testing
will be needed to ascertain the exact relationship.
Equipment Use
There are problems inherent in trying to run a research project with equipment that is
used for other purposes as well. These problems should be noted here as they can effect
the outcome. The LaserWriter used for this study was under relatively heavy use by other
students in the lab. Toner cartridges were used beyond the recommended number of
copies. No effort was made on the part of the author to adjust the output density of the
LaserWriter. From early on in the experimentation it was clear that variation ofdensity was
going to occur (due to age of the cartridge, maintenance of the engine, number of
exposures by the laser, etc.), and that variation would be out of the control of the author. It
is for this reason that the corner test squares are inserted on each page (see Appendix F,
page 93.)With these in place there is a consistent point of reference between sheets that
may have been run off months apart
The ideal situation in which to run research of this type is one where the sole user of
the equipment is the researcher. Since this is not possible in an academic institution, the
research was run anyway, but with precautions taken to guard against error. The risk of
error is there, but due to the nature of the lab setup, it is
unavoidable.
Recommendations for Further Study
Two areas ofmajor importance should be addressed in the future. These areas
involve the comparison of fundamentally different things. They are: digital and analog
halftones, and, plain and photographic
paper. Several topics within these areas are ripe for
further research. They include: testing the
number of grays achievable, researching the
limits of plain paper at higher addressability, comparing
plain and photographic paper
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output, and refining digital halftone designs.
An interesting study would involve the creation of a system to test how many grays
a digital halftone could actually produce. This might be done in relation to Bartles and
Breneman, or perhaps through tests with judges. In either case, the variation of the laser
printer, the densitometer or the observer, would have to be taken into account. Analog
halftones could be tested in the same way and then compared to digital halftones of the
same linescreen. The number of grays that a digital halftone can produce has been
calculated mathematically and, although it is inaccurate, it is still a starting point The
number of grays producible by an analog screen would have to be determined through
tests.
As far as halftones are concerned 300 spots per inch is less than satisfactory
addressability. As higher addressability is attained, applications for the use of halftones
will increase. Varityper has a new 600 spot per inch laser printer which, since it is
PostScript compatible, would allow testing similar to what has been done in this thesis. In
the case of a 600 spot per inch printer, documenting the halftone capabilities will be of
great importance.
Screen angle and its effect on toning of the non-image area has been looked at to a
certain extent in this paper, however, further study in this area would also be valuable.
With this study as a starting point tests could be conducted to further investigate digital
halftone design. Only three dot forms have been looked at here; many more could be
tested. Ofparticular interest would be dot designs that would improve tone production in
the light highlight and dark shadow areas where the nature of the digital halftone makes
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Spots on Spots on Trial 1 Trial 2 Trial 3
0 0 0.11* 0.10 0.10
1 25 0.60 0.57 0.61
2 75 0.71 0.71 0.71
3 75 0.84 0.82 0.82
4 100 0.95 0.91 0.93
?each measurement is the average of three densitometer readings
3x3 %





















































10 40 .49 .51 .50
11 44
.47 .50 .49
12 48 .55 .50 .53
13 52 .53 .53 .53
14 56 .57 .59 .58
15 60 .61 .60 .61
16 64 .60 .62 .61
17 68 .64 .64 .64
18 72 .63 .64 .64
19 76 .65 .63 .64
20 80 .66 .65 .66
21 84 .71 .77 .74
22 88 .79 .81 .80
23 92 .87 .93 .90
24 96 .98 1.01 1.00
25 100 1.03 1.16 1.10
6x6 %

























































Spots on Spots on Trial 1 Trial 2 Trial 3 Average
0 0 .11 .10 .10 .10
1 2 .14 .14 .14 .14
2 3 .17 .17 .16 .17
3 5 .19 .19 .19 .19
4 6 .20 .20 .19 .20
5 8 .21 .21 .22 .21
6 9 .23 .22 .22 .22
7 11 .23 .23 .24 .23
8 13 .25 .24 .24 .24
9 14 .25 .26 .26 .26
10 16 .27 .26 .26 .26
11 17 .27 .27 .27 .27
12 19 .28 .29 .28 .28
13 20 .29 .30 .29 .29
14 22 .30 .32 .30 .31
15 23 .31 .32 .30 .31
16 25 .31 .32 .32 .32
17 27 .34 .34 .33 .34
18 28 .30 .32 .31 .31
19 30 .31 .31 .31 .31
20 31 .32 .33 .33 .33
21 33 .34 .35 .34 .34
22 34 .35 .36 .35 .35
23 36 .37
.37 .37 .37
































































































































TONE PRODUCTIONDATA - DIAMOND



















































































































TONE PRODUCTIONDATA - OPEN
2x2 %
Spots on Spots on Trial 1 Trial 2 Trial 3
0 0 0.11* 0.11 0.10
1 25 0.58 0.57 0.60
2 75 0.77 0.75 0.76
3 75 0.83 0.81 0.83
4 100 0.90 0.90 0.95
?each measurement is the average of three densitometer readings
3x3 %






















































































17 68 .72 .74 .73
18 72 .72 .74 .73
19 76 .76 .78 .77
20 80 .84 .77 .81
21 84 .82 .81 .82
22 88 .88 .84 .86
23 92 .92 .92 .92
24 96 1.02 .98 1.00
25 100 1.14 1.12 1.13
6x6 %


























































Spots on Spots on Trial 1 Trial 2 Trial 3 Average
0 0 .10 .10 .10 .10
1 2 .14 .14 .14 .14
2 3 .17 .17 .17 .17
3 5 .20 .20 .19 .20
4 6 .21 .21 .20 .21
5 8 .23 .23 .23 .23
6 9 .25 .25 .25 .25
7 11 .27 .27 .28 .27
8 13 .29 .29 .29 .29
9 14 .30 .31 .31 .31
10 16 .34 .34 .35 .34
11 17 .36 .36 .36 .36
12 19 .37 .38 .39 .38
13 20 .40 .39 .40 .40
14 22 .43 .42 .42 .42
15 23 .46 .44 .44 .45
16 25 .46 .47 .47 .47
17 27 .50 .49 .50 .50
18 28 .46 .49 .49 .48
19 30 .49 .51 .51 .50
20 31 .50 .52 .54 .52
21 33 .57 .55 .56 .56
22 34 .57 .58 .59 .58
23 36 .63 .60 .61 .61
24 38 .69 .69 .68 .69
25 39 .71 .76 .75 .74
26 41 .76 .76 .75 .76
73
8x8(cont) %












































































































.86 .85 .85 .85






.98 1.06 1.02 1.02
1.06 1.05 1.08 1.06
1.10 1.08 1.09 1.09
1.11 1.10 1.09 1.10




MAXIMUMDENSITY - PART ONE
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Paper A
1.13 1.11 1.12 1.11 1.11 1.15 1.19 1.06 1.08 1.05 1.08 1.10 (.0875)
1.13 1.12 1.14 1.15 1.10 1.14 1.09 1.10 1.09 1.11 1.10 1.12 (.0900)
1.15 1.13 1.13 1.15 1.15 1.11 1.09 1.08 1.12 1.10 1.09 1.11 (.0900)
Range 1.06-1. 19 = .13 n = 36
Paper B
1.16 1.14 1.17 1.09 1.11 1.13 1.16 1.15 1.14 1.08
1.15 1.15 1.15 1.17 1.15 1.19 1.11 1.11 1.11 1.18
1.12 1.14 1.14 1.18 1.17 1.22 1.09 1.10 1.07 1.13
Range 1.07-1.22 = .15 n = 36
Paper C
1.09 1.12 1.10 1.14 1.12 1.12 1.06 1.08 1.11 1.08 1.10 1.12 (.0925)
1.10 1.11 1.16 1.12 1.12 1.11 1.08 1.12 1.14 1.06 1.01 1.06 (.0950)
1.15 1.14 1.15 1.14 1.13 1.16 1.09 1.03 1.09 1.07 1.02 1.06 (.0975)





1.13 1.11 1.09 1.05 1.07 1.08 1.05 1.08 1.04 1.05 1.06
1.11 1.10 1.11 1.08 1.10 1.08 1.03 1.08 1.06 1.01 1.01
1.13 1.12 1.10 1.08 1.02 1.05 1.05 1.01 1.03 1.04 1.05
Range 1.01-1.13 = .12 n = 36
Paper E
1.08 1.10 1.08 1.08 1.07 1.10 1.01 1.05 1.05 1.03 1.05
108 1.11 1.09 1.07 1.08 1.06 1.01 0.98 1.04 1.06 1.10
1.09 1.10 1.07 1.05 1.05 1.05 1.10 1.07 1.02 1.05 1.06



















For all papers (n = 210)























(same test as part 1, repeated at a later date)
Paper A
.90 .89 .91 .90 .91 .94 .86 .87 .89 .86 .87 .87 (.0900)
.86 .89 .84 .84 .93 .92 .83 .88 .86 .84 .83 .87 (.0900)
.92 .93 .91 .87 .93 .92 .89 .89 .90 .89 .91 .90 (.0875)
Range .83-.94 = . 11 n = 36
Paper B
.88 .92 .94 .93 .95 .93 .83 .87 .87 .89 .90 .90 (.0975)
.88 .91 .92 .95 .92 .91 .87 .87 .92 .86 .87 .89 (.0950)
.94 .96 .96 .91 .93 .93 .89 .88 .90 .95 .91 .94 (.0950)
Range .83-.96 = . 13 n = 36
Paper C
.93 .91 .92 .98 .96 .94 .88 .89 .91 .95 .91 .89 (.0925)
.93 .96 .95 .89 .89 .91 .94 .94 .95 .86 .88 .88 (.0900)
.90 .89 .94 .89 .92 .93 .88 .88 .94 .87 .87 .89 (.0925)
Range .86-.98 = .12 n = 36
PaperD
.87 .88 .89 .85 .89 .92 .93 .93 .89 .87 .87 .86 (.1025)
.91 .92 .90 .92 .91 .90 .86 .87 .89 .92 .90 .89 (.1025)
.90 .92 .90 .90 .91 .92 .93 .91 .91 .91 .86 .88 (.1025)
Range .85-.93 = .08 n = 36
Paper E
.87 .89 .87 .84 .83 .84 .79 .87 .86 .79 .83 .85 (.0975)
.84 .83 .87 .87 .86 .82 .83 .85 .84
.82 .83 .82 (.0875)
.87 .86 .85 .84 .87 .88
.81 .86 .86 .85 .87 .83 (.0950)























For all papers (n = 36)
Range J9-.98 = . 19 Average
=
.890 St. Dev.= .037
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.67 .70 .67 .68 .66
16
.67









20 .74 .74 .71
.73 .73
21
.78 .78 .76 .80 .79
22 .82 .83 .82 .81
.78
23 .85 .85 .82 .85 .83
24
.88 .90 .91 .89 .83
25 .96 .95 .93 .94
.93
Peak .70 .72 .69 .69 .69
Bottom .64 .66 .63 .67 .64
Difference .06 .06 .05 .02 .05
?Each column is the average of three trials
#This is the average of all 15 tests




















































































































































































































































1 1.30 n = 105
Mean= 1.14 Range = .42 Standard deviation = .082
81
Pagel 1.14 1.15 1.09 1.10 .96
1.09 1.07 1.00 1.04 .88
1.21 1.22 1.17 1.12 1.03
1.07 1.09 1.01 1.04 .89
1.13 1.13 1.10 1.10 .96
1.16 1.14 1.12 1.06 .94
1.19 1.17 1.16 1.13 .97
Range 1.22 = .34
Standard Deviation = .087
Mean =1.081
Page 2 1.27 1.29 1.26 1.20 1.14
1.22 1.19 1.21 1.17 1.06
1.22 1.22 1.20 1.13 1.06
1.20 1.22 1.19 1.15 1.14
1.12 1.11 1.13 1.14 1.01
1.17 1.19 1.17 1.16 1.09
1.18 1.14 1.12 1.08 1.01
Range 1.01-1.29 = .28
Standard Deviation = .066
Mean = 1.159
Page 3 1.21 1.18 1.15 1.16 1.11
1.30 1.26 1.26 1.25 1.12
1.22 1.17 1.16 1.13 1.09
1.26 1.23 1.23 1.21 1.08
1.20 1.15 1.17 1.17 1.08
1.23 1.21 1.20 1.16 1.11
1.14 1.15 1.11 1.15 1.10
Range 1.08-1.30 = .22
Standard Deviation = .057
Mean =1.175
Average of 1.21 1.21 1.17 1.15 1.07
pagesl-3 1.20 1.17 1.16 1.15 1.02
v 6
1.22 1.20 1.18 1.13 1.06
1 18 1.18 1.14 1.13 1.04
1 15 1.13 1.13 1.14 1.02
1 19 1.18 1.16 1.13 1.05
1.17 1.15 1.13 1.12 1.03
Range for all three tests 1.30
=
.42
Standard Deviation for all three tests
=
.082















































Range for all three tests -.11-.26 = .37













































































Summary of Standard Deviations






.053 (1) .055 (2)
.081 (pages 1-3)
.057 (page 3) .082(pages 1-3)
.068 (3) .045 (4) .079
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Standard deviation = .006







.78 Range = .03
n = 35
Standard deviation = .010










Mean= 1.13 Range = .07
n = 35






Bartleson and Breneman darkness values can be used to create a tonal scale of equal
visually perceptible steps. When the maximum andminimum density of a given process
are known, they can be translated into darkness values, divided into the desired number of
steps, and then translated back into density values. The formula for darkness is:
Darkness = 116-11.5(10(2_Dcnsity)+l)0-5
For the purpose of this project a spreadsheet was created to simplify the use of the
formula. In this study, a Bartleson and Breneman curve with a maximum density of 1.15
and a minimum density of 0. 10 was created for use in Figure 15, page 40. Knowing the
minimum density = 0.10 and the maximum density = 1.15, those values can be translated
into darkness values: minimum darkness = 12.86 and maximum darkness = 83.31.
Subtracting 12.86 from 83.31 gives a range of 70.45, this number, if divided by nine will
give a ten step scale where the steps are 7.83. The following values were calculated and
the curve was drawn from them (only eleven values were chosen and then the curve was














The curve from these values appears in Figure 15, page 40. Instead ofplotting density
versus darkness it was necessary for comparison to plot density versus "percent spots on".
In this case, for the Bartleson and Breneman curve the "percent
step"
is a more appropriate
term. Therefore the first step of ten corresponds to the 10% spots on.
Take as another example the values of the 3x3 condensed matrix. This matrice
makes an interesting comparison to the Bartleson and Breneman curve. With a maximum
density of 0.91 and a minimum density of 0.10, the curve can be calculated as follows:
minimum density = 0. 10 maximum density = 0.9 1
the corresponding darkness values are
minimum darkness = 12.86 maximum darkness = 74.06,
range = 61.20, step (61.20/9) =6.80
darkness 12.86 0.10-0.10 density










The first density value in the right
column is the ideal, the second is the actual. The graph
of these values is included in this appendix,
see page 87. Note how flat the curve is in the
midtone area from 0.51 to 0.61.




































































9 2 3 3x3
7 6 5 16
8 1 4 15
9 2 3 14
10 11 12 13 4x4
21 20 19 18 17
22 7 6 5 16
23 8 1 4 15
24 9 2 3 14
25 10 11 12 13 5x5
21 20 19 18 17 36
22 7 6 5 16 35
23 8 1 4 15 34
24 9 2 3 14 33
25 10 11 12 13 32
26 27 28 29 30 31 6x6
43 42 41 40 39 38 37 64
44 21 20 19 18 17 36 63
45 22 7 6 5 16 35 62
46 23 8 1 4 15 34 61
47 24 9 2 3 14 33
60
48 25 10 11 12 13 32 59
49 26 27 28 29 30
31 58
50 51 52 53 54 55 56
57 8x8





6 1 2 9










7 8 9 10
18 6 1 2 11 21
17 5 4 3 12 22





18 7 8 9 10
24 17 6 1 2 11









5 11 4 16
12 1 10 3
6 9 2 15




23 7 15 6 22
8 16 1 14 5
17 2 13 4 21
9 18 3 20 12
24 10 19 11 25
3x3
5x5
15 31 5 30 14 36
1332 6 21 4 29
7 22 1 20 3 28
23 8 19 2 27 12
16 24 9 26 11 35
33 17 25 10 34 18 6x6
61 29 49 17 48 28 60 32
30 50 18 37 16 47 27 59
51 19 38 5 36 15 46 26
20 39 6 33 4 35 14 45
52 7 40 1 34 3 44 13
21 53 8 41 2 43 12 58
62 22 54 9 42 11 57 25
31 63 23 55 10 56 24 64 8x8
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SAMPLE OUTPUT - 3x3 CONDENSED
93
3x3 matrix-condensed
Sample output
- 3x3 condensed
